Numerous thermal vacancies are frozen into FeAl B2-ordered alloy ribbons by a conventional rapid-solidification technique. Through heat treatment at 723 K, clustering of the supersaturated vacancies generates a large number of nanopores, particulary near surfaces, thus creating nanoporous surfaces. The nanoporous surface structure was confirmed by scanning electron microscopy and atomic force microscopy. The behavior of this vacancy clustering was examined by differential scanning calorimetry. An exothermic, irreversible peak, probably due to vacancy clustering, was observed around 800 K, giving an activation evergy of about 1.17 eV. The nanopore formation was also observed by in-situ heating experiments in a transmission electron microscope. The pores have specific morphology and crystallography with pore surfaces faceting toward {100} planes. These results suggest that the vacancy clustering is a unique process which enables us to efficiently make nanoporous surfaces.
Introduction
In a binary ordered compound, the overall concentration of atomic defects consisting of vacancies as well as antisite atoms on both sublattices generally depends on the defect parameters of all the defect types, as having just one defect type would not preserve the homogeneity of the compound. 1, 2) The thermal vacancy concentration in FeAl alloys of the B2 structure, which is the simply bcc-based, ordered structure, has been determined to be very high, up to several percent at high temperatures. [3] [4] [5] Most of the thermal vacancies in the FeAl alloys can be readily frozen-in by quenching the alloys from the high temperatures. [6] [7] [8] The supersaturation of the vacancies can lead to their binding into divacancies as predicted by theoretical calculation 9) and further clustering into higherorder vacancy complexes and extended defects as observed from experiments. 7, [10] [11] [12] [13] The purpose of this study is to investigate clustering behavior of the supersaturated vacancies, and change in surface nanostructure due to the phenomenon in B2 FeAl using rapidly solidified ribbons.
Experimental Procedure
Fe-45 mol%Al alloy was produced from 99.99 mass% electrolytic iron and 99.99 mass% aluminum by an arcmelting technique. The alloy ingots were re-melted in a quartz tube, and rapidly solidified into ribbons of about 2 mm in width and 20 µm in thickness by a conventional singleroll melt-spinning apparatus with a copper roll at the rotating speed of 40 m·s −1 . Chemical analysis of the ribbons gives an average composition of Fe-44.9 mol%Al containing oxygen of about 0.0326 mass% as impurity. Some of as-spun ribbons were annealed at 723 K for 24 h in a vacuum of better than 5 × 10 −4 Pa. Lattice parameter measurements for both of the as-spun and annealed ribbons were conducted by a x-ray diffractometer (XRD) using CuKα radiation. The measurement condition is at 40 kV and 200 mA by a step scanning method with 0.02
• for 1 s in the range of 2θ ≤ 130
• . The peak positions observed were numerically analyzed and determined by the curve fitting software "PRO-FIT", 8) and then the lattice parameter was determined by extrapolating the Nelson-Riley function towards θ = 90
• . 14) Density measurement for the as-spun ribbons was conducted by using a conventional Archimedes water immersion method with distilled water. Details on the density measurement and the determination of vacancy concentration are described elsewhere. 15) Surface structures of the ribbons were observed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). In-situ heating experiments were performed at 723 K by transmission electron microscopy (TEM). Thin foils for the TEM observation were prepared by electro-polishing using a twinjet apparatus in a 33% nitric acid-methanol solution at 4 V and 248 K. The thinned ribbons were examined by TEM at 200 kV. Differential scanning calorimetry (DSC) was carried out for as-spun ribbons in a Netzsch DSC404 using a Pt pan at four different heating and cooling rates.
Results and Discussion
Equiaxed grain structure with the mean grain size of about 10 µm developed in the FeAl ribbons through the rapid solidification. In the XRD profiles of the as-spun ribbons ( Fig. 1(a) ), super-lattice diffraction peaks from the B2-ordered structure were clearly identified as well as fundamental diffraction peaks from the bcc structure, indicating that the FeAl ribbons are already B2-ordered. The average lattice parameter estimated by the XRD peak analysis is approximately 0.28992 nm with the error of better than ±6 × 10 −5 nm. This value is much smaller than those of fully-annealed FeAl at the similar compositions reported in previous studies, 8, [16] [17] [18] suggesting a high vacancy concentration. Assuming that (i) a half of the excess Fe atoms over the stoichiometric com-position (Fe : Al = 1 : 1) are displaced into the Al sublattice and (ii) that there are no Al atoms displaced into the Fe sublattice, we calculate the density of the ribbons as being approximately 5.845 × 10 −3 g/mm 3 based on the lattice parameter. However, the average bulk density of the FeAl ribbons measured by the Archimedes method is approximately 5.763 × 10 −3 ± 5 × 10 −3 g/mm 3 . The difference between the above calculated and measured values is considered to result from vacancies, and consequently the average vacancy concentration in the FeAl ribbons is estimated to be approximately 1.38 ± 0.15%. This is about 10 13 higher than the vacancy concentration of the FeAl alloys in thermal equilibrium at room temperature. 5) Since it is known for the FeAl ordered alloys that supersaturated vacancies can migrate and be readily absorbed above 673 K. 7, 8, 10-13, 19, 20) The lattice parameter of the ribbons after the heat treatment at 723 K for 24 h was again measured by the XRD peak analysis ( Fig. 1(b) ), and the average value was estimated to be approximately 0.29039 ± 4 × 10 −5 nm. This value is much closer to those of fully-annealed Fe-45 mol%Al. 8, 16, 18) This indicates that the concentration of the supersaturated vacancies is greatly decreased by the heat treatment. Figure 2 shows SEM images of surfaces of the pre-and post-heated ribbons. The surfaces of as-spun ribbons are rugged, and fine pieces of alumina are often observed on the surfaces, as shown in Fig. 2(a) . Since the total oxygen concentration of the ribbons containing alumina is approximately 0.0326 mass% as mentioned before, the error of the density due to alumina is very small, and its effect on the vacancy concentration is negligible. It should be noted that there are a large number of dotted patterns on the surfaces of the heat-treated ribbons in addition to the pieces of alumina, as shown in Fig. 2(b) . The dotted patterns were not seen prior to the heat treatment. Surface morphology of the heat-treated ribbons was also examined by AFM. It was observed that pores of a couple of hundreds nanometers or less in diameter are homogeneously distributed on the surfaces, as shown in Fig. 2(c) . This morphology is in good agreement with the SEM image, indicating that the dotted patterns observed in Fig. 2(b) are pores, and confirming that the surfaces of the ribbons become porous through the heat treatment. Nanopores were also observed interior to the heat-treated ribbons by TEM. To characterize the morphology and crystallography of the pores, tilting experiments were performed for the post-heated ribbons, as shown in Figs. 3(a)-(c) . It was confirmed by selected area diffraction patterns (SADP) and using several contrast conditions that pore patterns seen in these figures were neither from precipitates nor inclusions. In Fig. 3(a) , which was observed near the [001] zone axis, rectangular pores are seen clearly together with dislocations (straight lines). One side of the rectangles is parallel to the (100) plane and the other side to the (010) plane for all the pores observed there. In Fig. 3(b) , which was observed near the [011] zone axis, the pore images are still rectangular, and the sides of the rectangles are parallel to the (100) and (011) planes. In addition, the pore images have two different contrast areas, seen as a bright area, is sandwiched by dark areas. In Fig. 3(c) , which was observed near the [111] zone axis, the pore images are observed to be hexagons with the sides of the hexagonal images parallel to the (101), (110) and (011) planes, respectively. These pore images also have two contrast areas with the inner hexagons bright and surrounded by a dark area. From these results, it is deduced that pore's threedimensional shape is a rectangular parallelepiped and the six surfaces are parallel to the (100), (010) and (001) planes, respectively, as schematically shown in Fig. 3(d) . Figure 4 (a) shows thermograms of the FeAl ribbons obtained by DSC at four heating rates of 5, 10, 20, 30 K/min, respectively. A distinct exothermic peak appears between 700 and 880 K in each DSC curve. Onset temperatures of the peaks at slower heating rates are much close to the temperature of the heat treatment. The peak position shifts to higher temperature as heating rate increases. The change in peak position depending on heating rate indicates that the phenomena causing the exothermic peak are relaxation processes. In addition, no peak is detectable during cooling process, so that these peaks are irreversible. Zaroual et al. 21) also observed an exothermic peak in the similar temperature range in quenched-in FeAl bulks, and concluded with the results of magnetic susceptibility measurements that the peak is attributed to migration and clustering of supersaturated vacancies. The activation energy of the relaxation process estimated by the Kissinger 22) plot is approximately 1.17 eV (Fig. 4(b) ), in excellent agreement with the value obtained by Zaroual et nealing conditions used. It may be worth mentioning that the observed surface structure change is not due to selective oxidation of Al. In our preliminary work, it was confirmed that Al 2 O 3 formation occurs through the heat treatment in a worse vacuum and/or at a higher temperature irrespective of the nanopore formation. Concerning the atomistic approach for the surface structure, McCarty, Nobel and Bartelt quite recently reported that atomic steps on surfaces of NiAl single crystal behave as preferential sinks and sources of vacancies in bulk. 22) Thus, it is considered that nanopores observed near the surfaces of the ribbons would nucleate and grow preferentially at atomic steps on the surfaces to reduce the concentration of the supersaturated vacancies. The pore formation interior to the ribbons may also originate from vacancy clusters generated during the rapid solidification. The vacancy clusters in FeAl should be stable even at high temperature, because the vacancy binding energy is positive in FeAl. 9) Although the type of secondary defects due to vacancy clustering seems to depend on aluminum concentration in FeAl, 23) the pore formation interior to bulk has been reported only for Fe-43 mol%Al by Morris et al. 24) The observation of the secondary defects is lacking in water-quenched FeAl for a higher aluminum concentration. Since the vacancy concentration of Fe-45 mol%Al water-quenched from 1273 K 16) is comparaal. 21 ) Thus, we are convinced that the exothermic relaxation peaks are related to the absorption process of supersaturated vacancies accompanied with migration and clustering.
The vacancy absorption process was directly observed in TEM by heating the as-spun ribbons using a sample holder equipped with a heating stage. Figure 5(a) is a bright field image of a pre-heated ribbon. Prior to heating, the ribbon had only a low density of pores. Figure 5(b) is the bright field image of the ribbon heat treated at 723 K for 1 h. The location is the same as that observed in Fig. 5(a) . We find that a lot of pores of several tens nm or less in size are newly created during the in-situ heating experiment. At a higher magnification (Fig. 5(c) ), we can see weak-contrast patterns in high density in the background as well as bright patterns seen in Fig.  5(b) . The weak-contrast patterns are considered to be caused by pores formed near the surface, and the bright patterns by ones formed interior to the ribbon. Actually, we observed numerous pores of similar size on the thin foil surface by SEM after the in-situ heating experiment. Interestingly, the pores and the weak-contrast patterns are rectangular in shape, and oriented along the same direction. The orientation of the thin foil plane at this location is close to (001), and one side of the rectangles is parallel to the (100) plane and the other side to the (010) plane. These morphology and crystallography are the same as those of pores observed in Fig. 3 . The relationship of the nanopores with the surface is schematically illustrated in Fig. 5(d) .
We would like to emphasize that the nanoporous phenomenon observed in Fig. 1 is not an extraordinary case only for the surface of as-spun ribbons. Whenever we can obtain new surfaces from as-spun ribbons without strain, for example by electropolishing, the surface can be made porous by vacancy clustering, as shown in Fig. 5 . The concentration of supersaturated thermal vacancies can be controlled by changing cooling rate and aluminum content, which would govern the size and density of the pores based on the particular an- ble to that of the as-spun ribbons, we may be able to observe the pore formation as well as nanoporous surfaces in waterquenched, bulk FeAl in the higher aluminum concentration range. The pore formation interior to bulk has been observed in water-quenched B2-type NiAl [25] [26] [27] [28] [29] and CoGa, 30) and the formation mechanism has been often discussed for NiAl with relating to impurities. [25] [26] [27] [28] [29] Therefore, the nanoporous surface formation should be possible in other B2-ordered alloy systems. The mechanism responsible for the nanoporous surface formation will be discussed a great deal using recent advanced microscopic techniques such as field emission scanning microscopy (FE-SEM), scanning probe microscopy (SPM), low energy electron microscopy (LEEM) and so on hereafter.
Conclusions
In this study, nanoporous behavior of rapidly solidified ribbons, particularly near surfaces, was investigated for B2 Fe-45 mol%Al. The as-spun ribbons are already B2-ordered immediately after the rapid solidification process. The lattice parameter of as-spun ribbons is estimated to be 0.28992 ± 6 × 10 −5 nm by XRD, and 5.763 × 10 −3 ± 5 × 10 −3 g/mm 3 by the Archimedes water immersion method. As a result, the concentration of supersaturated vacancies is estimated to be 1.38 ± 0.15%. After the heat treatment at 723 K for 24 h, the lattice parameter is returned back to 0.29039 ± 4 × 10 −5 nm, indicating that numerous numbers of supersaturated vacancies are almost annihilated by the heat treatment. Furthermore, a large number of nanopores are formed by clustering of the supersaturated vacancies, particularly near surfaces, thus nanoporous surfaces are created. The vacancy clustering behavior was examined by DSC, and an irreversible peak was observed around 800 K, giving an activation energy of about 1.17 eV. The nanopore formation was also observed by insitu heating experiments in TEM, shown that the nanopores have specific morphology and crystallography, regardless of surface or inside of the ribbons, with pore surfaces faceting toward {100} planes. 
